This article reviews the molecular mechanisms of biogenesis of mitochondria, lysosomes and peroxisomes in relation to the metabolic diseases of genetic or nongenetic origin.
Introduction
Complex organization of distinct membrane-bound compartments, called subcellular organelles, in eukaryotic cells forms the cellular basis of human physiology. Subcellular organelles interact with each other through their highly specialized metabolic activities and sustain various cellular functions. The amount, size and composition of each organelle in a cell are determined by the cellular metabolic needs according to its environment in the body. A complete set of organelles such as nucleus, mitochondria, endoplasmic reticulum, peroxisomes and lysosomes are always inherited maternally and proliferation, also termed organelle biogenesis, of these endowed organelles leads to an increased number and size of specialized membrane-bound cell compartments [1, 2] .
Organelle biogenesis is regulated by transcriptional networks that modulate expression of specifi c genes encoding organellar proteins. Structural and functional specifi city of organelles requires not only the transcription of specifi c genes and translation of resulting mRNAs, but also the transfer of encoded polypeptides to their site of function [3] . Proteins required for biogenesis of all sub-Dhaunsi Med Princ Pract 2005;14(suppl 1): [49] [50] [51] [52] [53] [54] [55] [56] [57] 50 cellular organelles are encoded by nuclear genes except for mitochondria, where expression of both nuclear and mitochondrial genes is required for normal structure and metabolic functions of mitochondria [4, 5] .
Several metabolic diseases are associated with dysfunction of organelle biogenesis and among these human diseases, there are three well-defi ned groups of deadly genetic disorders, namely mitochondrial disorders, lysosomal diseases and peroxisomal disorders, where functions of membrane-bound intracellular organelles are impaired [6] [7] [8] [9] . Signifi cant advances in biochemical and molecular aspects of biogenesis of subcellular organelles have been made which have unraveled the role of specifi c transcription factors in the expression of mitochondrial, lysosomal and peroxisomal proteins. Studies revealing the selective translocation of organellar proteins into the organelles through specifi c targeting signals have further clarifi ed the complex process of organelle biogenesis [10, 11] . These recent developments in cell biology have not only unraveled the mechanisms for organization of cellular networks, but have also provided new insights into the development of metabolic diseases that are caused by disruption of organelle biogenesis.
Functions of various subcellular organelles are compromised not only in genetic disorders of organelle biogenesis, but several metabolic disturbances also occur during diseases of nongenetic origin such as infections, intoxications and drug treatments. Better understanding of biochemical and molecular aspects of organelle biogenesis strengthens the hope for correcting or preventing the impairment of metabolic activities during various pathological conditions of both genetic and nongenetic origin. This article aims to give an overview of our current knowledge about molecular mechanisms of biogenesis of mitochondria, lysosomes and peroxisomes, and inherited disorders in which these organelles are lacking or their functions are impaired due a defect in biogenesis.
Mitochondrial Biogenesis and Relevant Diseases
The mitochondria are the powerhouse of eukaryotic cells where aerobic ATP production during coupled oxidative phosphorylation is the key function along with numerous other biosynthetic and degradative reactions fundamental to cell function [12] . Recent advances in molecular cell biology have revealed that mitochondria also play a role in regulating the cellular life cycle through the release of cytochrome c, an important stimulator of apoptosis [13, 14] . The distinctive mitochondrial structure, which allows specialized functions involving different enzymes and reactions localized in discrete membranes and aqueous compartments, is the product of both synthesis of macromolecules within the mitochondria and the import of proteins and lipids synthesized outside the organelle. Mitochondria are maternally inherited and their growth is facilitated by synthesis and import of new mitochondrial components. Although the mitochondrion contains its own genetic material, the majority of its protein is derived from the nucleus, including the proteins involved in mitochondrial transcription and DNA replication. Distinct from the nuclear DNA, mammalian mitochondrial DNA (mtDNA) is a small circular molecule consisting of 16-18 kb that only encodes 13 mRNAs, 22 tRNAs and 2 rRNAs, of which all protein products function in the respiratory chain of the inner mitochondrial membrane. The nuclear genes for proteins to be targeted to the mitochondria are transcribed in the nucleus, translated in the cytosol, and translocated into the mitochondria, and this process of mitochondria biogenesis is regulated in a complex way through activation of specifi c transcription factors. Mitochondrial transcription factor A (Tfam) plays an important role in mtDNA transcription and replication [15, 16] , and an increase in Tfam expression would precede alterations in mitochondrial gene expression. The promoter region of the human TFAM gene has a binding site for nuclear respiratory factor (NRF) that appears to be crucial in regulating the transcriptional activation of this gene [17] . The NRFs (NRF-1 and NRF-2) have been identifi ed as nuclear transcription factors, and are common to a large number of nuclear-encoded mitochondrial proteins [18] . NRF-1 appears to bind to DNA as a homodimer where its C-terminal end activates transcription, while phosphorylation of NRF-1 on N-terminal serine residues enhances its DNA binding ability [19, 20] . In addition to its role in regulating Tfam expression, NRF-1 may furthermore infl uence mtDNA maintenance through its activation of the RNase mitochondrial RNA processing endonuclease. The RNase mitochondrial RNA processing is responsible for cleaving RNA transcripts to form the primers necessary for mtDNA replication [21] . Recently, a thermogenic coactivator, PGC-1, has also been shown to stimulate mitochondrial biogenesis by increasing the expression of NRF-1 and NRF-2. NRF-2 binding sites are present in the upstream regions of many nuclear-encoded mitochondrial proteins, including cytochrome c oxidase subunits IV and Vb, ATP synthase ␤ -subunit, and human Tfam [17, 18] . Genes that encode mitochondrial oxida- 51 tive phosphorylation proteins and Tfam also have binding sites for the transcription factor Sp1 in their promoter region [18, 22] . Sp1 is known to bind to GC-rich ciselements [23, 24] and may compete with the zinc fi nger transcription factor Egr-1 for similar promoter sites [25, 26] .
It is now well established that mitochondrial proteins are imported into the organelle posttranslationally. Mitochondria of the yeast Saccharomyces cerevisiae contain at least 750 different proteins, which perform diverse roles. Most of these proteins (approximately 99%) are translated on cytosolic ribosomes, and their import into mitochondria is essential for mitochondrial function. Further, the proteinaceous machineries of great complexity, the so-called translocases, in the mitochondrial membranes mediate the import of these proteins [27] . Following synthesis in the cytosol, mitochondrial preproteins are stabilized in an import-competent manner by cytosolic chaperones, such as the heat shock protein 70 (HSP70). This allows for the positively charged presequence to interact with acidic regions on the import receptor Tom20-Tom22 (translocase of the outer membrane). HSP70 is then released in an ATP-independent manner and the precursor is inserted into the outer mitochondrial membrane [28, 29] . In addition to the HSP70 chaperone pathway, preproteins containing internal targeting sequences interact with a chaperone mitochondrial import-stimulating factor that binds specifi cally to the import receptor Tom70-Tom37, and transfers the precursor to this subcomplex through the hydrolysis of ATP [28, 29] . The inner mitochondrial membrane uniquely contains the acidic phospholipid cardiolipin, which is believed to aid the import process [30] . The translocase protein complexes of the inner mitochondrial membrane are called the Tim proteins (translocase of the inner membrane) [31] , which form a pore across the inner membrane consisting of Tim23 and Tim17, and guide the positively charged presequence across the polarized inner membrane [32, 33] . The mitochondrial inner membrane imports numerous proteins that span it multiple times using the membrane potential delta psi as the only external energy source. Rehling et al. [34] have shown that protein insertion complex (TIM22 complex), a twin-pore translocase, mediates the insertion of precursor proteins in a three-step process. After the precursor is tethered to the translocase without losing energy from the delta psi, two energy-requiring steps, namely action of delta psi on the precursor protein to promote its docking in the translocase complex and then, delta psi and an internal signal peptide, together induce rapid gating transitions in one pore and closing of the other pore and drive membrane insertion to completion. Upon arrival in the matrix, the presequence is cleaved by the mitochondrial processing peptidase, and the mature protein is folded into its proper conformation by the chaperones mtHSP70, HSP60 and/or chaperonin 10.
Activation of transcription factors and mitochondrial biogenesis are now known to be affected by a number of inherited genetic defects. A number of mitochondrial diseases associated with mtDNA defects ranging from point mutations to large-scale deletions or marked reduction in mtDNA quantity (depletion) form a group of neurogenetic disorders called neuromuscular diseases [35] . Point mutations in mtDNA that lead to mitochondrial disorders are maternally inherited and tend to cause a wide spectrum of clinical phenotypes [36] . Leigh's diseases and Leber's hereditary optical neuropathy are caused by point mutations in mtDNA genes and have a broad spectrum of clinical defects such as encephalomyopathies, ataxia, cardiomyopathy or sensorineural hearing loss [37, 38] . Major deletions in mtDNA have also been reported to occur that cause diseases of skeletal muscle, mitochondrial encephalomyopathies and cardiomyopathies. Kearns-Sayre syndrome, progressive external ophthalmoplegia and Pearson's marrow syndrome are the result of large-scale single mtDNA deletions and impairment of mitochondrial protein synthesis [39] . A signifi cant reduction in mtDNA, also called depletion of mtDNA and characterized by a concomitant reduction in respiratory complex activities, has been reported to cause congenital or infantile myopathies. Studies investigating mitochondrial myopathies with depleted mtDNA have reported a corresponding reduction in Tfam protein and mRNA [40, 41] . On the other hand, mitochondrial diseases caused by an accumulation (duplication) of mtDNA are also known and muscle fi bers from 2 patients with an accumulation of mtDNA have been shown to contain an elevated amount of Tfam protein [40] as well. The nuclear genome, which encodes most of the proteins involved in biogenesis of mitochondria, has also been linked to mtDNA defects and related myopathies [42] . Mutations in nuclear genes that encode structural subunits of respiratory oxidative phosphorylation complexes I-III have been reported to cause Leigh syndrome or Leigh syndrome-like disorders where patients are presented with lactic acidosis and progressive neurodegeneration of variable onset. Nuclear genes encoding proteins required in assembly of respiratory complexes or maintenance of mtDNA have also been linked to encephalocardiomyopathies. As the new information on molecular mechanisms of mitochondrial biogenesis is rapidly emerging, the role of nuclear and mitochondrial genes in mitochondrial dysfunction and related neuromuscular disorders is becoming clearer. Recent reports [43, 44] on the regulation of mitochondrial biogenesis by cytokines such as nitric oxide propose a new insight into the complex process of mitochondrial biogenesis. The fact that NO, a versatile molecule in human pathophysiology due to its myriad of regulatory effects on different types of cells, promotes mitochondrial biogenesis leads us into a new direction for studying mechanisms of neuromuscular disorders and provides new hope for cure or prevention of diseases with mitochondrial dysfunction.
Lysosome Biogenesis and Metabolic Diseases
Lysosomes are membrane-bound cytoplasmic organelles that receive membrane traffi c input from the biosynthetic, endocytic and autophagic pathways, and serve as major degradative compartments in the eukaryotic cells [45] . The degradative function of these organelles is carried out by more than 50 acid-dependent hydrolases (e.g. proteases, lipases, glycosidases) contained within its lumen [46] . The limiting membrane of the lysosome contains highly glycosylated proteins, lysosomal-associated membrane proteins (LAMPs) such as LAMP-1, LAMP-2, and CD63/LAMP-3, in addition to the proteins that mediate transport of ions, amino acids, and other solutes across the lysosomal membrane and contribute to the maintenance of an acidic luminal pH in the range of 4.6-5.0 [47] . The lack of cation-dependent and cation-independent mannose-6-phosphate receptors (MPRs) in lysosomal membrane distinguishes lysosomes from late endosomal compartments, and lysosomes share this characteristic with lysosome-related organelles, a group of cell type-specifi c nondegradative bodies that includes melanosomes, lytic granules, major histocompatibility complex class II compartments, platelet-dense granules, basophil granules, and neutrophil azurophil granules [48, 49] . The physiological importance of lysosomes and related organelles is evidenced by the myriad of diseases resulting from defects in their biogenesis and function [50, 51] . Lysosomal biogenesis is an orchestration of the structural and functional elements of the lysosome to form an integrated organelle and involves the synthesis, targeting, functional residence, and turnover of the proteins that comprise the lysosome. The question of how lysosomes form has captivated the interest of cell biologists for decades and the known molecular mechanisms of lysosome biogenesis are believed to involve vesicular delivery of newly synthesized lysosomal proteins from the trans-Golgi network (TGN), fusion of lysosomes with late endosomes and sorting of membrane proteins into lumenal vesicles [52] . A cascade of events that leads to biogenesis of lysosomes include the formation of early endosomes by coalescence of vesicles from the plasma membrane, the removal of recycling vesicles and addition of TGN-derived vesicles to convert these endosomes to late endosomes, and eventually to lysosomes [53, 54] . Alternatively, the early endosomes, late endosomes and lysosomes are considered stable compartments and transport proceeding from early endosomes through an endosomal carrier vesicle with characteristics of a multivesicular body to late endosomes leads to mature lysosomes [55, 56] .
Though different mechanisms have been proposed, yet the complexity of events involved in lysosomal biogenesis remains unresolved. For any model of lysosomal biogenesis to work, a mechanism for selective sorting of materials bound for lysosomes must exist and most newly synthesized lysosomal proteins are directed to lysosomes through an MPR-dependent or MPR-independent fashion [57] . The sorting of MPRs and lysosomal membrane proteins is mediated by signals present in the cytoplasmic domains that are recognized by cytosolic molecules recruited onto membranes at sites of vesicle formation (e.g. the TGN, plasma membrane and endosomes). A number of heterotetrameric adaptor protein (AP) complexes, AP-1, AP-2, AP-3 and AP-4, mediate transport of MPRs and lysosomal integral membrane proteins from the TGN to endosomes [58, 59] . AP-1 has been suggested to play a role in recycling MPRs from endosomes to the TGN. Two unrelated connector molecules, TIP47 [60] and PACS-1 [61] , have also been implicated in recycling of MPRs to the TGN. Recent studies have identifi ed a novel family of coat proteins, termed GGAs, which may be involved in biosynthetic protein transport from the TGN to the endosomal/lysosomal system. The recruitment of GGAs to the TGN appears to be mediated by members of the ADP-ribosylation factor family of proteins. Once carrier vesicles are formed and cargo proteins sorted into them, the vesicles need to be targeted and eventually fuse with acceptor compartments. GTP-binding proteins, called rabs, found at the plasma membrane and on organelles of secretory nature appear to be required for transport of MPRs to the lysosome [62] . Targeting and membrane fusion also require vesicle-associated membrane proteins collectively known as N-ethyl- 53 maleimide-sensitive factor attachment protein receptors, or SNAREs, and are found on both vesicles (v-SNAREs) and target membranes (t-SNAREs) [63] . The degree to which these, or other, mammalian SNAREs are required for sorting to the mature lysosome itself remains uncertain. Recent studies on lysosomal targeting have revealed a variety of proteins as components of the lysosome biogenesis machinery, and the establishment of physical and/or functional relationships between them will undoubtedly clarify understanding of lysosome biogenesis.
Advances in understanding the complexities of lysosomal biogenesis, lysosomal hydrolase sorting and hydrolytic requirements have led to the possibility of a successful enzyme therapy for lysosomal storage disorders, a group of over 45 distinct genetic diseases resulting from a defi ciency of a particular lysosomal protein or, in a few cases, from nonlysosomal proteins that are involved in lysosomal biogenesis [64, 65] . Lysosomal enzymes sialidase ( ␣ -neuraminidase), ␤ -galactosidase, and N-acetylaminogalacto-6-sulfate sulfatase are involved in the catabolism of glycolipids, glycoproteins, and oligosaccharides. Their functional activity in the cell depends on their association in a multienzyme complex with lysosomal carboxypeptidase, and cathepsin A and the integrity of the complex plays a crucial role at different stages of biogenesis of lysosomal enzymes, including intracellular sorting and proteolytic processing of their precursors [66] . The complex plays a protective role for all components, extending their half-life in the lysosome from several hours to several days, and for sialidase, the association with cathepsin A is also necessary for the expression of enzymatic activity. The disintegration of the complex due to genetic mutations in its components results in their functional defi ciency and causes severe metabolic disorders: sialidosis (mutations in sialidase), GM1 gangliosidosis and Morquio disease type B (mutations in ␤ -galactosidase), galactosialidosis (mutations in cathepsin A), and Morquio disease type A (mutations in N-acetylaminogalacto-6-sulfate sulfatase) [67] [68] [69] [70] .
Most of the properties of lysosomes are shared with a group of cell type-specifi c compartments referred to as 'lysosome-related organelles', which include melanosomes, lytic granules, major histocompatibility complex class II compartments, platelet dense granules, basophil granules and azurophil granules. In addition to lysosomal proteins, these organelles contain cell type-specifi c components that are responsible for their specialized functions. Abnormalities in both lysosomes and lysosome-related organelles have been observed in human genetic diseases such as the Chediak-Higashi and Hermansky-Pudlak syndromes [71] [72] . Identifi cation of genes mutated in these human diseases is beginning to shed light on the molecular machinery involved in the biogenesis of lysosomes and lysosome-related organelles.
Peroxisomes and Peroxisomal Biogenesis Disorders
Peroxisomes, the single-membrane-bound cell organelles also called microbodies, are now known to contain more than 60 different enzymes that carry out a number of important metabolic pathways including ␤ -oxidation of very long chain fatty acids, synthesis of plasmalogens and degradation of reactive oxygen species [73, 74] . Metabolic functions of peroxisomes are vital for cell survival and the importance of peroxisomes in human health was highlighted in the late 1980s with recognition of a number of inherited fatal metabolic diseases with dysfunction of this organelle [75, 76] . Peroxisomal disorders, a relatively new category of inherited metabolic diseases, occur due to a defect in either the assembly of the organelle or import of peroxisomal proteins into the organelle. Biogenesis of peroxisomes maintains the required number and size of peroxisomes in the tissues according to the metabolic milieu [77] . Peroxisome biogenesis conceptually consists of (a) the formation of the peroxisomal membrane, (b) the import of proteins into the peroxisomal matrix and (c) proliferation of the organelles [78] . As a result of combined genetic and biochemical approaches, 32 genes have been identifi ed that encode proteins involved in peroxisome biogenesis [79, 80] . These genes are called PEX genes and their protein products are termed peroxins. Elaborate peroxin complexes form the receptor machinery, which in a concerted action of the components transports folded, even oligomeric matrix proteins across the peroxisomal membrane. The past decade has signifi cantly improved our knowledge of peroxins, which can now be clearly divided into two distinct groups: those involved exclusively in peroxisome matrix protein import, and those involved in peroxisome membrane biogenesis.
Of the above steps of peroxisome biogenesis, the most is understood about matrix protein import. Matrix proteins are encoded by nuclear genes, synthesized on free ribosomes in the cytoplasm and imported into the peroxisome posttranslationally. Two targeting signals for peroxisomal matrix proteins have been identifi ed [81] . The most commonly used signal is the peroxisomal targeting signal 1, or PTS1, which consists of a conserved tripeptide at the extreme C terminus of a protein of consensus sequence Ser-Lys-Leu-COOH. The second targeting signal is the peroxisomal targeting signal 2, or PTS2, which must be present at the N terminus of a protein, and thiolase presents the best example of a peroxisomal protein with PTS2. The targeting signals are recognized by specifi c receptor proteins, the peroxins (PEX), present on the peroxisomal membrane or in the cytosol as carriers. PEX5 recognizes PTS1, while PEX7 binds PTS2, and these receptors bind their cargo in the cytoplasm, possibly with the aid of chaperone proteins [82] . Very little is known about how the receptors transport their cargo to the peroxisome. The receptors have been reported to interact with PEX13, suggesting that PEX13 is a member of the receptor docking complex. PEX14 has also been reported as equally important for the docking process of PTS receptors. PEX17 is also thought to be part of the docking complex and associates directly with PEX14. PEX10 and PEX12 are integral peroxisome membrane proteins, which have been shown to directly interact and are members of the putative translocation apparatus, along with PEX2 and PEX8. PEX3 has been shown to act as a putative peroxisomal receptor for PEX19. PEX12 and PEX8 have both been demonstrated to interact with PEX5. PEX5 has been demonstrated to be a cycling receptor and this recycling is thought to be mediated by the AAA ATPases PEX1 and PEX6, the ubiquitin-conjugating enzyme PEX4, and the putative docking site for PEX4, PEX22, PEX15 and PEX27 have recently been suggested to also act as binding partners for AAA peroxins at the peroxisomal membrane [83] .
To date, only 3 peroxins have been directly implicated in the formation of peroxisomal membranes during peroxisome biogenesis. PEX3, PEX16, and PEX19 are the 3 proteins identifi ed to be involved in the process of the formation of peroxisome membranes de novo [84] . PEX19 is the only peroxin known to directly bind the majority of known peroxisomal membrane proteins, and there are possibly other cytoplasmic proteins which aid PEX19 in the cytoplasmic portion of the peroxisome biogenesis process (i.e. chaperone proteins), but these proteins have not yet been identifi ed. PEX11 is considered to be required for peroxisome proliferation since overexpression of PEX11 causes massive proliferation of peroxisomes. PEX11b is expressed constitutively, suggesting a general role in the maintenance of peroxisome number, whereas PEX11a is inducible, and can cause peroxisome proliferation in response to external stimuli [85] .
Disorders of peroxisome biogenesis are multiorgan diseases and the nervous system is implicated in most of them. On a genetic basis, complementation of fi broblasts has classifi ed peroxisome biogenesis disorders [86] into 12 complementation groups. Identifi cation of peroxisome biogenesis genes (PEX) has, however, led to a new association of peroxisome biogenesis disorders with gene defects. Zellweger syndrome (also referred to as cerebrohepatorenal syndrome), neonatal adrenoleukodystrophy, and infantile Refsum disease along with rhizomelic chondrodysplasia punctata are autosomal recessive diseases collectively called the peroxisome biogenesis disorders. The biochemical phenotype of these disorders is refl ective of the defect in peroxisome biogenesis as demonstrated by increased levels of very long chain fatty acid and phytanic acid, and reduced plasmalogen levels [87] . There are also high levels of the bile acid intermediates as well as increased levels of the lysine metabolite pipecolic acid. Zellweger syndrome belongs to complementation group 1, which is caused by mutations in PEX1 [88] . Within this complementation group, there are 2 common mutations, which together comprise 60% of the alleles in the complementation group. One is a mutation which causes the amino acid change G843D, and this is associated with the milder phenotypes of the Zellweger spectrum. The other, a frameshift in exon 13 of PEX1, is associated with the severe phenotype of Zellweger syndrome [89] . Rhizomelic chondrodysplasia punctata results from a defect in PEX7, the PTS2 receptor [90] . Because this receptor is only required for the import of PTS2-containing proteins, of which there are only 3 known in humans (thiolase, phytanoyl-CoA hydroxylase, and dihydroxyacetonephosphate synthase), a defect in this protein produces a very different clinical phenotype from that of the Zellweger spectrum. The biochemical phenotype of rhizomelic chondrodysplasia punctata also refl ects the molecular basis of the disease [91] . Patients have a defect in branched-chain fatty acid metabolism as well as a defect in plasmalogen biosynthesis, but lack the other biochemical defects present in the Zellweger spectrum.
Primary hyperoxaluria type I [92] presents a unique peroxisomal disorder where targeting of alanine:glyoxylate aminotransferase, a peroxisomal enzyme, to mitochondria instead of peroxisome leads to urolithiasis and/ or nephrocalcinosis.
In summary, molecular organization of subcellular organelles is key to their specifi c metabolic functions in the cell. Biogenesis of subcellular organelles determines the cellular metabolic state, which in turn maintains the physiologic functions of the tissue, leading to a pathological condition. Biogenesis of mitochondria, peroxisomes, lysosomes, endoplasmic reticulum and other subcellular organelles is tightly controlled by a complex network of events that involve the transcriptional regulation of the expression of organellar proteins, their posttranscriptional modifi cations, import into the organelle for structural organization and their intermolecular interaction. A defect in any of the components of this network leads to a serious pathological state of mitochondrial or lysosomal or peroxisomal diseases. Recent information on molecular mechanisms of organelle biogenesis has unraveled to some extent the complexity of interorganellar interactions as well, where an abnormal biogenesis of one organelle will affect biogenesis of the other organelle(s). A better understanding of the molecular mechanisms of organellar biogenesis has not only unraveled the pathogenic mechanisms of metabolic disorders but has also provided new tools for correcting the metabolic defects and related complications.
